Design Surfaces by Laser Remelting  by Temmler, André et al.
Available online at www.sciencedirect.com
Physics Procedia 12 (2011) 419–430
1875-3892 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.phpro.2011.03.053
LiM 2011 
Design Surfaces by Laser Remelting 
André Temmlera*, Edgar Willenborgb, Konrad Wissenbachb
aRWTH Aachen University, Chair for Laser Technology, Aachen, Germany 
bFraunhofer-Institute for Laser Technology, Aachen, Germany 
Abstract 
The surface of a part or product strongly influences its properties and functions. These are, e.g., abrasion and corrosion 
resistance, insensitivity to scratches, haptics as well as the visual impression to the customer. Therefore, many plastic parts have 
structured surfaces like leather textures on car dashboards. Usually these structures are integrated in the injection mould for the 
production of the plastic parts and then transferred to the plastic parts during the injection moulding process.  
A new approach to structuring metallic surfaces with laser radiation is structuring by remelting.  
Another approach of enhancing the appearance of design surfaces is creating a two-gloss effect by selective laser polishing. Both
laser-based processes are based on reallocation of material instead of ablation. 
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1. Motivation / State of the Art 
The surface of a part or product strongly influences its properties and functions. These are, e.g., abrasion and 
corrosion resistance, insensitivity to scratches, haptics as well as the visual impression to the customer. Therefore, 
many plastic parts have structured surfaces like leather textures on car dashboards. Usually these structures are 
integrated in the injection mould for the production of the plastic parts and then transferred to the plastic parts 
during the injection moulding process. A new approach to structuring metallic surfaces with laser radiation is 
structuring by remelting. In this process no material is removed but reallocated while molten. This structuring 
process is based on the new active principle of remelting in comparison to the conventional structuring by 
photochemical etching or the structuring by laser ablation, which are based on removal. The surface structure and 
the micro roughness result from a laser-controlled self-organisation of the melt pool due to surface tension. The 
structuring process is based on reallocation of material instead of ablation.  
Another promising approach of enhancing the appearance of design surfaces is creating a two-gloss effect by 
selective laser polishing. In comparison to conventional polishing processes laser polishing opens up the possibility 
of selective processing of small areas (< 0.1 mm²) on a tools surface. The changeovers dimension from laser 
polished to untreated area is smaller than 25 microns. A two-gloss effect can be created by selective variation of 
process parameters and is therefore based on a space-resolved change in surfaces roughness.  
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2. Experimental 
2.1. Set-Up 
For the experimental set-up, a fibre-coupled Q-switch Nd:YAG solid state laser is used (Oem. = 1064 nm; 
PL,max = 400 W; tP = 100 – 700 ns, pulsed and cw-operation). A laser scanner allows the work piece’s surface to be 
processed in a process chamber by laterally moving the laser beam focus in the x- and y- direction. A vertical axis is 
used to position the laser beam focus in the z direction. The process chamber can be filled with inert gas, while the 
remaining oxygen concentration within the chamber is monitored [2][3]. 
2.2. Selective Laser Polishing 
Selective laser micro polishing is based upon the remelting of a thin surface layer (< 5 μm) by using pulsed laser 
radiation. The resulting surface solidifies without cracks, pores or hidden defects out of the molten material. While 
the surface is remelted, the micro roughness of the initial surface, in particular, is smoothed by the surface tension of 
the melt pool. The surface roughness is continuously changed by the space-resolved variation of process parameters, 
especially of laser power and scanning velocity, during the process. Experimental research on creating a two-gloss 
effect for leather textures is carried out. Aim of the is to polish only the valleys of a leather-texture in the tools 
surface selectively remelting the tools surface, such as selective polishing the structures valleys. 
.
                  
Figure 1. Schematic of the laser polishing process by remelting a thin surface layer (a) and of the relevant procedural parameters for 2-
dimensional process strategy 
Laser polishing was developed to polish fused silica [7] and metallic surfaces [1][5]. In order to laser polish 
selectively tool surfaces made out of the tool steel 1.2343, the circular laser beam with a defined diameter dL is 
moved meanderly over the surface with the scanning velocity vS and track offset dy (Figure 1a) by a laser scanning 
system [2]. The space-resolved change in surface roughness and therefore gloss level is generated by modulating the 
process parameters along the meandering path.  
2.3. Structuring by Remelting 
2.3.1. Process Principle  
The process of structuring by laser remelting is based upon the physical interrelationship between the variation of 
the melt pool volume and the movement of the three phase line. This movement determines the resulting surface 
topography as a consequence of the variation of the melt pool volume. In case of laser polishing these variations of 
the melt pool volume are unwanted [4], but in case of structuring by remelting the melt pool volume can be 
precisely modulated, for example, by a modulation of the laser power. The resulting surface topography, as a 
PL– laser power
tP– pulse duration
fP– laser repetition frequency
dL – laser beam diameter
vS– scanning velocity
lS – length of scanning vektorE – angle of incidence
btrack – track width
dy – track offset
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consequence of the induced melt pool volume modulation, is generated by the same mechanism as shown for the 
ripple formation during laser polishing [6]. In practice the control of the melt pool volume is carried out by 
modulating the laser power of a fibre-coupled cw solid state laser. The maximum output laser power of this system 
is approximately 400 W, which can be focussed on laser beam diameters in the range of 150 up to 800 μm. 
Figure 2. Schematic of the active principle for structuring by remelting in case of constant, increasing an decreasing laser power while remelting 
the surface. 
 Figure 2 shows the principle of the structuring process. A thin surface layer (< 100 μm) is molten and solidifies 
afterwards. The direction of the solidification follows the melt pool surface. With constant laser power the melt pool 
surface is approximately flat and no structuring appears. With increasing laser power the volume of the melt pool 
increases, and the melt pool surface is bulged outwards due to the density change from solid to liquid plus thermal 
dilatation and, therefore, the bigger volume of the molten material. The solidification now follows the bulged 
surface and structuring is achieved. With decreasing laser power the process works exactly the other way around. 
Therefore, with a modulation of laser power while remelting a thin surface layer, structuring can be achieved.  
2.3.2. Process and procedural parameters  
The controlled modulation of the melt pool volume is essential for the process of structuring by remelting. The 
height, size and form of the produced surface topography depend directly on the average melt pool volume, and the 
absolute change and the time-dependant alteration rate of the melt pool volume. While the average size of the melt 
pool is responsible for the structural resolution of the produced structures, the absolute change and the time-
dependant alteration rate of the melt pool volume are responsible for the height and symmetry of the produced 
structures. 
In order to achieve periodic structures the laser power is modulated sinusoidally at the average laser power PM
with an amplitude of PA (Peak-Valley-Value) and a wavelength O (Figure 3b). 
A defined average laser power and laser beam diameter is chosen in order to adjust the average size of the melt 
pool volume. The amplitude of the modulated laser power is responsible for the absolute change of the melt pool 
volume, while the combination of wavelength and amplitude define the alteration rate of the changing melt pool 
volume.  
While the laser power is modulated, the laser beam is moved unidirectionally over the surface by a 2D laser 
scanner with a defined scanning velocity and track offset. The wavelength of the modulated laser power is 
constant laser powerincreasing laser power
decreasing laser power
laser beam
diameter
Initial
surface
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equivalent to the wavelength of the remelted structures. In order to obtain compact areas structured by remelting 
instead of single tracks, an overlap of the remelted tracks is necessary (Figure 3a). 
Figure 3. Schematic of (a) structuring by remelting and its basic procedural parameters and (b) space-resolved laser power modulation 
Consequentially, the relevant procedural parameters are the average laser power, the scanning velocity, the 
amplitude of modulated laser power, the wavelength of modulation and the diameter of the laser beam. 
3. Results and Discussion 
3.1. Selective Laser Polishing 
3.1.1. Spectral analysis of roughness and variation of procedural parameters 
In order to quantify the roughness of a surface area, e.g. the mean roughness index Ra, often mechanical 
measurement contact-based methods are used. The laser micro polishing process leads to a smoothing of micro 
roughness, which often leaves the conventional used roughness indices unaffected. These changes in roughness and 
therefore gloss of the surface cannot be represented sufficiently by conventional mechanical methods. 
Thus, the measurement of the laser micro polished surface areas is done contactless by white light interferometry. 
The captured surface profile is investigated by a spectral analysis of the surfaces roughness. The spectral analysis is 
achieved by a discrete convolution of the surface profile with a Gaussian loaded function similar to ISO 11562. In 
this way the surfaces roughness is split into discrete wavelength intervals. In Comparison to the unfiltered surface 
profile the initial one shows no phase-shift and therefore no dislocation. 
Figure 4. Ra-spectrum which shows the roughness Ra in dependency on the spatial wavelength O for a variation of laser power 
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Figure 5. Miscoloured isophletic plot of  the spectral roughness in dependency on laser power and scanning velocity for the spatial wavelength 
interval from 5 up to 10 microns 
For laser micro polishing pulsed laser radiation with pulse durations of several 100 ns is used to smooth the 
surfaces roughness. A smoothing of the surfaces roughness is basically achieved for spatial wavelengths up to 80 
microns. In Comparison to the initial surface is the roughness of the laser polished surface up to this spatial 
wavelength reduced significantly and therefore the gloss raised considerably. Figure 4 shows the average roughness 
Ra in dependency on the spatial wavelength O for a systematic variation of laser power PL. The initial roughness 
(black) is reduced for all wavelengths intervals and all laser powers investigated. The reduction of roughness is 
decreasing constantly with increasing laser power up to PL = 44 W. With a further raise of laser power the reduction 
of roughness in comparison to the initial surface declines. Therefore a local minimum of roughness is reached for an 
average laser power of PL = 44 W, while the other procedural parameters were kept constant. Apart from laser 
power the scanning velocity used to move the laser beam over the surface is another crucial procedural parameter 
which has to be investigated systematically. Figure 5 shows a miscoloured isophletic plot of the spectral roughness 
in dependency on laser power and scanning velocity for the spatial wavelength interval from 5 up to 10 microns 
(Ra(5μm – 10μm)). The black crosses within this plot represent the supporting points, in this case pairs of laser powers 
and scanning velocities investigated while the other procedural parameters were kept constant. The spectral 
roughness is minimal for laser powers 33 W < PL < 55 W and scanning velocities vS = 125 - 500 mm/s. This leads to 
a relatively broad process window for selective laser micro polishing in order to achieve a significant decrease in 
roughness and there a considerable rise in gloss. The spatial wavelength interval from five to ten microns is 
representative for all intervals up to 80 microns and therefore for the gloss of the laser polished areas. Process 
windows were identified based on this procedural method for the laser beam diameters of dL = 125 μm and 
dL = 250 μm. 
3.1.2. Spatial Resolution 
In order to determine the spatial resolution for selective laser polishing using a modulation of laser power, the 
dynamic of the laser beam source is investigated. Therefore, the rise time from the lowest to the processing level of 
laser power is measured. Measurements are carried by using a photo diode and capturing the signals for power 
control and laser power simultaneous with an oscilloscope. The average rise time is trise = 1.05 ms with a standard 
deviation of 0.1 ms (Figure 6a).  Thus, in order to achieve a resolution of 125 μm, which corresponds to the smallest 
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laser beam diameter used, the scan speed has to be restricted to approx. vS = 100 mm/s. 
               
Figure 6. (a) Measurement of rise time of laser power as a reaction on a square-wave control signal. (b) LM-micrograph of a selective laser 
polished surface consisting of a striped pattern of polished and untreated areas perpendicular to the scanning direction 
In order to check spatial resolution, striped patterns are marked on an eroded plate perpendicular (Figure 6b) and 
parallel to the scan direction. The striped pattern consists of stripes with the highest and lowest adjustable gloss 
level. The stripes pictured in Figure 6b run perpendicular to the scan direction and are generated by a space-resolved 
modulation of laser power. The lighter, glossy stripes are the remelted areas, while the darker, matt stripes are the 
untreated areas on the surface. 
For the generation of a striped pattern parallel to the scan direction, the minimum width is limited by the laser 
beam geometry used. When generating a control program for the laser beam source and the laser scanning system, 
the tool geometry, in this case the diameter of the laser beam, must be taken into consideration, similar to classical 
manufacturing processes, such as milling or wire erosion. Subsequently the width of the laser polished areas has to 
be reduced in the control program by approx. half of the laser beams diameter. 
3.1.3. Process chain 
In order to selective laser polish a leather-textured free-form surface several process steps are necessary, which 
can be divided in three consecutive steps. 
At first a sensorial capture and digitalization of a leather-textured free-form surface has to be performed by an 
adapted sensorial system, which requires a sufficient lateral resolution and a preferably high measuring velocity 
including little error in measurement. For the sensorial capture the chromatic confocal sensor system Chrocodile X 
is used. The sensorial system used provides a lateral resolution of 12.5 μm for x- and y- direction and approx. 
335 nm for the height in z-direction. The measurements are carried out by moving the punctual measuring spot 
meanderly over the surface with a velocity up to ten meters per minute. Under consideration of non-productive time, 
this leads to an average measuring rate of approx. 30-40 s/cm2, including an error of measurement less than two 
percent. 
Secondly the data of the digitalized free-form surface has to be prepared for selective laser polishing by several 
adapted operators mainly used in signal and digital image processing. A specially adapted software enables an 
effective detection and elimination of errors by using a selective median filter, just as preserving the sharpness of the 
surfaces edges. Followed by a Fourier-Transformation, the surface is transformed into its frequency spectrum of 
amplitudes and dedicated spatial frequencies. An Analysis of the spatial frequencies enables an adapted band-pass 
filtering in order to separate the leather texture from the work pieces geometry. Furthermore the resulting surface is 
transformed back into position space and analyzed by using a histogram. An adapted inclination of the heights in 
two levels leads to a black and white image of the leather texture, where the white areas represent the indentations 
and black ones the elevations. Before compiling a machine-adapted NC-Code the dimensions of the laser beam has 
to be considered. As a consequence the black and white image of the leather texture has to be modified by 
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expanding the white areas into the black ones. 
            
Figure 7. (a) Schematic of the process chain necessary for selective laser polishing leather-textured free-form surfaces and (b) visualization of 
essential data processing steps (i-iv) based on a cut-out of a flat leather texture 
The capture and digitalization, the process adapted data handling and the concluding machining by selective laser 
polishing are separated process steps, which are carried out consecutively.  
The process chain is demonstrated with the help of a specific cut-out of a leather-textured surface (Figure 7b). At 
first the leather texture is captured by a contactless sensorial system and can be visualized as a miscoloured plot 
(Figure 7b-i). By using a selective median filter, an adapted Fourier-analysis and spreading of the resulting surfaces 
histogram a separation of indentation and elevations of the leather texture is achieved. The separation is visualized 
by a black and white image (Figure 7b-ii), where the white areas represent the indentations and the black ones the 
elevations. Subsequently this image is modified under special consideration of the used laser beam diameter and 
processing velocity (Figure 7b-iii). Furthermore a machine adapted control code is generated, which enables the 
selective laser polishing of leather-textures indentations using a 3D laser scanning system and an appropriate laser 
beam source. A two gloss effect results from the contrast of selectively laser polished indentations and untreated 
elevations (Figure 7b-iv). 
3.1.4. Selective laser polishing of a leather textured free form surface 
The process steps described in paragraph 3.1.3 were carried out for a leather-textured free-form surface with 
lateral dimensions of 160 mm x 195 mm and a maximum depth of approx. 20 mm. The maximum value of the 
inclination angle relative to the surface normal is 25 degrees. The surfaces capturing and digitalization took approx. 
eight hours by using the chromatic confocal sensorial system Chrocodile X. Due to the limited measuring range 
(11 mm in z-direction) of the sensing head used, the surface had to be scanned twice in different z-positions to cover 
the depth of 20 mm. This explains the relative high measuring time of approx. 80 s/cm2. The dimension of the 
captured data matrix consists of about 52 million points. The data processing, including a selective median filter, 
fourier-analysis, histogram spreading and the generation of a tool- and machine adapted numerical control code, 
took another hour. The selective laser polishing of two-thirds of the leather textured was carried out with a scanning 
velocity vS = 250 mm/s. The track offset between the meandering scanning paths is 25 microns, which leads to a 
process time for the selective laser polishing of approximately one hour. Figure 8 shows the resulting appearance of 
the selectively laser polished free-form surface in two different magnifications. The overall time for the selective 
laser polishing of this free-form surface is therefore ten hours, including all processing steps necessary. 
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Figure 8. Photograph of  a (a) cut-out from a selective laser polished leather-textured free-form surface and (b) selective laser polished leather-
textured free-form surface made of tool steel 1.2343 
3.1.5. Summary & Outlook 
In comparison to conventional polishing processes laser polishing opens up the possibility of selective processing 
of small areas (< 0.1 mm²) on a tools surface. Selective laser polishing enhances the appearance of design surfaces 
by creating two-gloss effects, which cannot be achieved with conventional machining methods without a high 
demand in human resources and time. A two-gloss effect can be created by selective variation of process parameters 
like laser power and process velocity and is therefore based on a space-resolved change in surfaces roughness.  
A broad process window for the crucial procedural parameters for selective laser polishing has been identified. 
Under consideration the dynamics of the laser beam sources, the laser beam diameter and the process velocity the 
spatial resolution for selective laser polishing was determined. A proper working process chain was developed, 
including the integration of an adequate sensorial system into the existing set up and the development of an adapted 
data processing. The successful operation of all process steps for selective laser polishing was demonstrated with a 
leather-textured free-form surface made of tool steel 1.2343. 
 Nevertheless, adapting the process steps for all kinds of free-form surfaces especially those with greater 
inclination angles than 25 degrees, development of a continuous CAD-CAM-NC interlinking and reduction of 
overall processing time are challenges need to be solved for a successful introduction of selective laser polishing 
into an industrial environment. 
3.1.6. Acknowledgements 
This work has been partially funded by the Federal Ministry of Education and Research (BMBF) within the 
funding initiative: “KMU-Innovativ”. We like to thank the Federal Ministry of Education and Research for their 
generous sponsorship of the research project: “Energy efficient process for 3D laser structuring of warmth-managing 
and design surfaces – (EffiLas)”. 
3.2.  Structuring by Remelting 
3.2.1. FEM-Simulation 
Up to now theoretical investigations on remelting with small melt pool dimensions have been focused on surface 
rippling during laser polishing. The ripple formation and, therefore, structuring is originated by a fluctuation of the 
melt pool volume [3]. For laser polishing these fluctuations could be attributed to fluctuations of the velocity of the 
melting front due to material inhomogeneities. An in-house FEM program for the solution of the free boundary 
value problem of laser surface remelting was used to calculate the resulting surface topography for laser polishing 
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after a disturbance of the melt pool volume. The melt pool and the three phase line (boundary between liquid and 
solid material and atmosphere) in the area of the solidification front, respectively, react with a damped oscillation on 
such a fluctuation (Figure 9a). 
       
Figure 9. (a) FEM calculation of a surface ripple as a result of the fluctuation of the melt pool volume, 2D and 3D miscoloured isopleths 
representation (left) and a line scan along the centre of the track (right); (b) Comparison of surface topographies for experiment (i) and FEM 
simulation (ii) of remelted single track 
The FEM simulation for the solution of the free boundary value problem of laser surface remelting was expanded 
for tracing the growing and shrinking melt pool during sinusoidal laser power modulation (Figure 9b) and the 
evaluation of time-dependent solidification and melting rate for continuously deforming meshes.  
In order to answer scientific questions concerning the resulting surface topography as a consequence of a 
variation of the melt pool volume induced by the laser power modulation these theoretical results have been 
compared to the experiments which have been carried out. Figure 9b shows the comparison of the resulting surface 
topographies of laser remelted tracks and the result of the FEM-simulation. The left side of Figure 9b shows two and 
threedimensional images of the surface topography of remelted structures using white light interferometry. 
The right side of Figure 9b shows an on sight and a cross-section of the resulting topography of a FEM 
simulation is shown in a miscoloured plot. 
According to the experimentally achieved surface topographies, the simulated tracks show a very high qualitative 
and quantitative congruence with regard to height, width and wavelength of the remelted structures. So the FEM in-
house program for the free boundary value problem for surface remelting can be used for the prediction of the 
surface topography of structuring by remelting and is the theoretical basis for the understanding of the structuring 
process. 
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3.2.2. Examples of remelted surface structures 
By a controlled modulation periodic and aperiodic structures (Figure 10a and b) have been attained so far.  
       
Figure 10.  Miscoloured 3D isoplethic representations of attained (a) periodic and (b) structures mapped by white light interferometry 
The periodical structures achieved have a wavelength from 0.5 to 4 millimeters and a structure height of five 
microns up to one millimeter. Depending on the wavelength used, the height of a remelted track varies, for example 
from 5 μm for a wavelength of 0.5 millimetres and up to 20 μm for a wavelength of 4 millimetres. In order to 
achieve greater heights of the surfaces’ structures, the process has to be repeated several times.  
Every additional time the surface is remelted using the same procedural parameters, the height of the structures 
grows. At a defined wavelength the machining time strongly depends on the demanded structure height, and 
therefore, on how many times the surface has to be remelted. 
However, the production of symmetrical structures is a special case and needs a precise adjustment of wavelength 
and the amplitude of the laser power modulation. In normal cases, this means that the structured surface topography 
is skewed without adjusting the laser power amplitude dependent on the wavelength used to the modulation. Figure 
9b shows a non periodic structure similar to an artificial leather texture. This artificial leather texture was built up 
with structuring by remelting using non periodic laser power jumps instead of a sinusoidal modulation. 
In order to increase the complexity of surface structures in comparison to wave or burl structures, the space-
resolved laser power modulation is modified e.g. an overlying, exponential decrease of laser power or space-
resolved shift in phase (Fig 11a). Even this complex signals can be transferred on a metallic surface, leading to a 
structure very similar to the laser power signal used (Figure 11b). Figure 12a shows the smooth structure achieved 
with the modulation of laser power demonstrated in Figure 11a. Figure 11b shows the height in dependence on 
position in x- and y-direction for the structure pictured in Figure 12a. Figure 12b shows a broad variety of structures 
achieved on tool steel 1.2343 by modulating the laser power in many different ways. The processing time for the 
structure shown in Figure 12a is approx. 30 – 35 s/cm2.
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Figure 11. Miscoloured 2D isoplethic representation of (a) laser power in dependence on position in x and y-direction and (b) structured surface 
measured by white light interferometry 
       
Figure 12. Photograph of (a) a structured surface based on laser power modulation shown in Figure10a and (b) picture of several periodic and 
aperiodic structures created by laser remelting; both made of tool steel 1.2343 
3.2.3. Summary & Outlook 
A new approach to structuring metallic surfaces with laser radiation is structuring by remelting. In this process no 
material is removed but reallocated while molten. The introduced structuring process is based on the new active 
principle of remelting of a thin surface layer in comparison to conventional structuring processes, which are often 
based on removal. The surface structure and the micro roughness result from a laser-controlled self-organization of 
the melt pool due to surface tension.  
Until today, the essential procedural parameters of the structuring by remelting have been identified, and periodic 
and aperiodic structures have been attained. Using an adapted space-resolved modulation of laser power shows that 
structuring of multiple, novel and complex structures can be achieved on flat surfaces. 
Despite the promising results for the structuring process by remelting, reduction of machining time, transfer of 
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the structuring process from flat 2D surfaces onto freeform surfaces and the exact transformation of user-defined 
structures on arbitrary surfaces are challenging problems that need to be solved in the future. 
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